Abstract. Experimental tests were carried out to assess the failure model of steel fiber reinforced concrete beams. Experimental research was focused on observing changes in the behavior of the tested elements depending on the amount of shear reinforcement and the fiber. Model two-span beams with a cross-section of 80x180 mm and a length of 2000 mm were tested. The beams had varied stirrup spacing. The following amounts of steel fibres in concrete were used: 78.5 kg/m 3 (1.0%) i 118 kg/m 3 (1.5%). Concrete beams without fibres were examined at the same time. The beams were loaded in a five-point bending test until they were destroyed. Shear or bending capacity of the element was observed. Fibre reinforced concrete beams were not destroyed rapidly, but they kept their shape consistent under load. Larger number of diagonal cracks with a smaller width were observed in fibre reinforced concrete beams. Failure of concrete beams without fibres was rapid, with a characteristic brittle cracking. Steel fibres revealed the ability to transfer significant shear stress after cracking in comparison to plain concrete.
Introduction
In recent years, the use of fibers as dispersed reinforcement in concrete is constantly growing. The increased interest the use of fibers exhibited by both concrete technologists and structure designers is related to the development of experimental studies confirming the beneficial effect that different types of fibers have on the properties of cement concrete [1, 2, 3] Fibers used as dispersed reinforcement can be made of steel, glass, plastic, basalt, etc. The introduction of this type of reinforcement changes the properties of both fresh concrete mix and hardened concrete. A wide description of the research on the characteristics of fiber reinforced concrete can be found, among others, in the works of Lee and Jacobsena [4] , Topçu and Canbaza [5] , Fischera and Li [6] .
In the case of structural concrete, steel fibers are more and more popular addition nowadays, because their presence changes the behavior of the concrete element under the load -from brittle to quasi-plastic [7, 8] . In comparison to ordinary concrete, concrete with steel fibers is characterized by higher bending tensile strength, and often also shear strength; paired with increased fatigue and impact resistance.
Research on the application of concrete with steel fibers in structural elements have begun in the 1960s [9] , and resulted in proposals for procedures and standards in testing methods and calculations of structures made of fiber reinforced concrete were created, including RILEM TC162-TDF [10] and fib Model Code 2010 [11] . In these standard recommendations the contribution of concrete in the shear stress transfer is included as a component of the loadbearing capacity of reinforced element, making the issue of estimating the load-bearing capacity of concrete fiber elements subjected to bending more important. The design of fiber concrete structure is based mainly on the use of residual strength after cracking, provided by dispersed reinforcement [12] . The fibers can be used to improve the behavior of structure at the ultimate limit state, or to improve service conditions at the serviceability limit state. In the ultimate limit state, the addition of steel fibers can partially or completely replace the traditional reinforcement for tensile or shear [13, 14] . However, material engineering issues related to the use of fiber reinforced concrete in structural elements are still insufficiently recognized, which makes it difficult to disseminate design methods that take the presence of dispersed reinforcement in concrete into account.
Shear failure can occur in reinforced concrete elements subjected to bending, mainly in support zones. This type of failure may cause a reduction of the load bearing capacity below the value of full bending capacity resulting from the longitudinal reinforcement used, and is particularly dangerous in elements without shear reinforcement [15] . The shear capacity is a complex issue that depends on many parameters. The main factors affecting shear capacity are: shear span-depth ratio, concrete strength characteristics, longitudinal reinforcement ratio, element dimensions and method of load [12, 14, 15] . The parameters recently listed in the literature include: type and grain diameters of aggregate, diameter of longitudinal reinforcement bars, spacing and inclination of cracks, conditions of the element support.
The aim of the work was to assess the impact of steel fibers on the shear resistance of a reinforced concrete beam. Two-span reinforced concrete beams with various shear reinforcement and different content of steel fibers in concrete were tested.
Experimental programme

Materials
Portland cement CEM I 42.5R was used to make concrete for structural elements. The cement content was 320 kg/m 3 . A mixture of sand and gravel with grain size up to 4 mm was used as aggregate. The maximum size of aggregate was limited to reduce its influence on toughening mechanism and to provide the homogenous fiber distribution in concrete. Table 1 gives the mix proportions for reference concrete. The modified polycarboxylate and phosphonate based super-plasticizer (1% related to cement mass) was used to minimize fiber clumping and enhance fiber dispersion in concrete. The main reinforcement bars were made of RB500 steel. As a dispersed reinforcement, round hooked-end steel fibers with a length of 50 mm and a diameter of 1 mm were used. The tensile strength of steel of fibers was equal to 800 MPa.
Methods
The strength properties of concretes with fibers and reference concretes were determined. The test of compressive strength was carried out in accordance with PN-EN 12390-3 [16] using cubic samples with 100 mm side size. The flexural strength was determined on specimens of size 100×100×400 mm according to PN-EN 12390-5 [17] . The elastic modulus was determined in accordance with PN-EN 12390-13 [18] . using cylindrical samples with a diameter of 150 mm and a depth of 300 mm. Each series consisted of 3 samples.
In order to evaluate the failure mode of concrete beam with steel fibers, experimental studies were carried out, in which the emphasis was placed on analysing the behavior of tested elements depending on the amount of shear reinforcement and the amount of fibers. Fig. 1 shows the reinforcement schema for tested beams. Five series of two-span model beams with cross-sectional dimensions of 80×180 mm and length of 2000 mm were made, each containing 5 elements with various dosage of steel fiber additions and with different stirrup spacing. Steel fibers were introduced into concrete in an amount of 78.5 kg/m 3 , i.e. 1.0% by volume (WS1.0) and 118 kg/m 3 , i.e. 1.5% by volume (WS1.5). The amounts of fibers were selected based on test results of post-cracking behavior of fine grained concrete, described in [20] . Comparably, reinforced concrete beams made of concrete without fiber (W0) were also tested. The amount of main longitudinal reinforcement and shear reinforcement were calculated in accordance with PN-EN 1992-1-1 [19] , assuming a load in the form of concentrated force in the middle of each span. In each test series, the top and bottom reinforcements were identical and consisted of two f12 mm bars. The stirrups with diameter of f6 mm were used. The A-I series was made with stirrups spacing designed in accordance with the standard [19] , then for each series the stirrups spacing was reduced. No stirrups were used in the A-V series. The shear span-depth ratio a v /d was equal to 2.7.
The beams were loaded in a five-point system. During the tests, the shear capacity and/or bending capacity of the beam were determined. The peak load and support reactions were also measured. Table 2 presents the results of strength properties tests: compressive strength f cm , flexural strength f ctm and modulus of elasticity E s in dependence on the fiber content in concrete (V f ) and changes in parameter mean values in relation to the reference concrete. The addition of steel fibers did not significantly affect the compressive strength f cm and the modulus of elasticity E s . The increase in flexural strength Δf ctm for concretes with fibers in the amount of 1.0% and 1.5% was respectively 25% and 38%. Table 3 shows the values of destructive load P cr and their increase in comparison to the values of destructive loads for the reference beams (without fibers). In the case of concrete beams with steel fibers, the increase in peak load ranged from 36.5% to 100%.
Analysis of the test results of concrete properties
Analysis of two-span beams test results
Failure mode and cracking
The maximum load increase was observed for A-IV-WS1.5 series beams. Comparing the value of the destructive load in the A-I-W0 series with a typical longitudinal and shear reinforcement in accordance with the guidelines [19] with the force value in series A-III-WS1.5, it can be concluded that reducing the number of stirrups by half while using concrete with the addition of steel fibers in 1.5% is enough to achieve required value of destructive force P cr . The A-I series beams, in which the shear reinforcement provided the transfer of transverse forces, were destroyed in the compression zone by concrete crushing with wide cracks perpendicular to the element axis, caused by bending. The first crack appeared in crosssection with maximum value of tensile stress due to the bending moment. The structural element carried the loads as long as the adhesion of concrete and steel was not exhaustedthe elements reached the phase of successive cracks formation, in which the number of cracks increased. Cracks developed up to the neutral axis of beam and the longitudinal steel bars were responsible for stress transfer. At the limit state, the reinforcement in the cracked sections reached the yield point and the element was destroyed. The stirrups in the support zones ensured the transfer of shear stresses, and prevented the beams from destruction due to shear.
In the other series (A-II -A-V), in the majority of cases the failure due to shear occurred in the span, where the spacing of stirrups was reduced. Figs 2-4 present the model of failure of selected beams. There were diagonal cracks due to shear in the support zone. The morphology of these cracks formation is varied. At first, the perpendicular cracks appeared as a result of exceeding the tensile strength of concrete. Perpendicular cracks appeared much later in the case of elements made of concrete with steel fibers, due to their greater tensile strength. Rapid loss of the bearing capacity occurred when the shear cracks were accompanied by cracks associated with the loss of bond between steel and concrete. In some of the tested elements, a phenomenon of reinforcement slip occurred, as evidenced by splitting cracks (series A-II-WS1.0; A-IV-W0; A-IV-WS1.0; A-IV-WS1.5; A-V-WS1.0; A-V-WS1.5). The phenomenon was caused by the lack or reduced number of stirrups in a given zone. In most cases, the destruction of the elements is a typical shear compression failure or shear tension failure. The cause of failure is the destruction of concrete in the compressive zone at the tip of the diagonal crack, where kind of pin joint appeared, around which two parts of the beams, separated by a crack, rotated with a simultaneous tangential movement. In the case of a beam series in a slip of reinforcement occurred, the opening of the first inclined crack significantly increased, and a series of small diagonal cracks appeared at the level of the main reinforcement, which indicated the bond failure between the main reinforcement and concrete. What is typical for this kind of failure, is that when the stresses in the main reinforcement are lower than the yield stress of steel, the complete loss of loadbearing capacity of reinforced concrete element can occur without warning.
The beams of concrete with steel fibers showed quasi-plastic features. The cross-section still carried full load after the crack appeared. In the reinforced beams of concrete with steel fiber, after exceeding the limit stresses there was no case of element failure due to concrete crushing. The presence of fibers allowed the development of multiple diagonal cracks and widening of at least one of them prior to shear failure, which provided some warning about the imminence of failure. The elements were destroyed by the extreme crack opening caused by pulling out steel fibers from cement matrix. The rate of element destruction depended on the content and shape of the fibers in the concrete. 
Shear stress analysis
The dependencies presented in Figs 5 and 6 make the influence of steel fiber content on the shear stress v u =V ult /bd clearly visible. The values of stress were determined at three supports. The graphs show the dependence of shear stress on the content of steel fibers in concrete. The shear stress values were calculated on the basis of the shear force at failure V ult ,. Analyzing the shear stresses at the central support, it can be concluded that in the case of a series of concrete beams with steel fiber, the higher the fiber content in the concrete, the higher the stresses at failure. The highest shear stress was recorded in the case of the A-II series, where in the right span the stirrup spacing was reduced by half in relation to that required by the standard [19] . The largest increase in shear stress due to the effect of dispersed steel reinforcement was obtained for the A-IV series.
The effect of dispersed steel reinforcement on both edge supports was similar. The highest stresses were obtained in beam series where stirrups and dispersed reinforcement were used. Compared to beams without dispersed reinforcement, the increase in shear stresses at failure was significant. In series A-III-WS1.5, the reactions during tests reached similar values on all supports due to the quasi-plastic behavior of fiber reinforced concrete. The failure process was running smoothly as long as the bond between steel fibers and concrete was transferring shear stress. The fiber bridging effect contributed to uniform redistribution of stresses in the cross-section weakened by the crack. In the series A-I-WS1.5, the stresses on the edge supports decreased significantly, which resulted from the failure mode due to bending. In this series, the reaction at the central support achieved the greatest value.
Conclusions
The following conclusions can be drawn from the results of the experimental investigation.
• The stiff, hooked-end steel fibres (incorporated in the volume fraction of 1.0 and 1.5%) influenced concrete performance effectively. The flexural tensile strength and the ductility increased in line with increasing fibre volume as expected.
• Steel fibers directly influenced the shear capacity of concrete beams. Inclusion of fibers can transform brittle shear mechanism into ductile flexural mechanism. The obtained results confirm the potential possibility of using fibers to partially replace the stirrups. The combination of stirrups and steel fibers can improve both the ultimate and shear cracking strength. Analyzing the shear stresses on the central support of two-span beams, it can be concluded that in the case of steel fiber series, the higher the fiber content in the concrete, the higher the stresses at failure. The largest increase in shear stress at failure due to the effect of dispersed steel reinforcement was obtained in the A-IV series with a highly reduced number of stirrups.
